Medtronic Universal Crimping Machine

A Senior Project
presented to
the Faculty of the Mechanical Engineering Department
California Polytechnic State University, San Luis Obispo

In Partial Fulfillment
of the Requirements for the Degree
Justin Ginochio; Bachelor of Science
Andrew Hanson; Bachelor of Science
Zach Dieterle; Bachelor of Science

by
Justin Ginochio, Andrew Hanson, Zach Dieterle
June, 2010

© 2010 Justin Ginochio, Andrew Hanson, Zach Dieterle
!

Medtronic Crimping Tool
Final Design Report

Zach Dieterle
zjdieterle@gmail.com

Justin Ginochio
jginochio@gmail.com

Andrew Hanson
drewhanson88@comcast.net

September 2009 – June 2010

Table of Contents
Table of Contents ........................................................................................................................................... 1
List of Figures................................................................................................................................................. 2
List of Tables .................................................................................................................................................. 3
Executive Summary ....................................................................................................................................... 4
Introduction .................................................................................................................................................... 5
Background..................................................................................................................................................... 5
Objective ......................................................................................................................................................... 6
Engineering Specifications ............................................................................................................................ 6
Design Development...................................................................................................................................... 7
Design Description....................................................................................................................................... 17
Manufacturing Plan ...................................................................................................................................... 19
Product Realization ...................................................................................................................................... 19
Design Verification ...................................................................................................................................... 24
Conclusion and Recommendations ............................................................................................................. 28
References..................................................................................................................................................... 30

-1-

List of Figures
Figure 1. Four indent crimp cross-section1. ...................................................................................................... 6
Figure 2. Double indent cross-section1.............................................................................................................. 6
Figure 3. 2D crimp model with a .004" crimp depth........................................................................................ 8
Figure 4. FEA quarter model showing contour plot of stresses when the die is moved .001” ...................... 9
Figure 5. Very basic two die concept with built in features for the deformation of the sleeves ................... 9
Figure 6. Quad die with cam concept which is similar to our final design................................................... 10
Figure 7. Gear train concept............................................................................................................................. 10
Figure 8. Linear actuator with pivoting cylinder ............................................................................................ 11
Figure 9. Contact Pressure vs. Radians for the top of the crimp sleeve ........................................................ 14
Figure 10. Load vs. depth for 9 thousandth wire ............................................................................................ 16
Figure 11. Load vs. depth for 10 thousandth wire .......................................................................................... 16
Figure 12. Isometric Exploded View of the Cam and Die Head Assembly. ................................................ 17
Figure 13. Close up of the cam and die holder pockets for both the spring and bearing............................. 18
Figure 14. Cam and Die Holder Assembly after machining.......................................................................... 20
Figure 15. Top: Indenter Die after machining. Bottom: Die with bearing inserted. .................................... 21
Figure 16. Cam Ring after machining. ............................................................................................................ 21
Figure 17. Cam and Die cover. ........................................................................................................................ 22
Figure 18. Alignment Tool manufactured by Medtronic ............................................................................... 22
Figure 19. Crimping Machine Assembly without Alignment Tool............................................................... 23
Figure 20. Crimping Machine with Alignment Tool...................................................................................... 23
Figure 21: Instron Servo-Hydraulic Test Machine ......................................................................................... 25
Figure 22. Crimping Machine with Rod and Clevis used in testing.............................................................. 25
Figure 23. Aluminum used for tensile testing with wire inserted for visual................................................. 26
Figure 24: Force vs. displacment of a single crimping test............................................................................ 27
Figure 25: Force vs displacment of the only crimp to meet the engineering specifications........................ 28
Figure 26: Force vs displacment of all six tests.............................................................................................. 28
Figure 27. Current crimper in use made by Astro Tool Corp....................................................................... 32
Figure 28. Pacific Interconnections Group crimper ....................................................................................... 32
Figure 29. Blockwise background information (attached)............................................................................. 33
Figure 30. Wire 3 crimp force versus displacement ....................................................................................... 37
Figure 31. Wire 4 .............................................................................................................................................. 37
Figure 32. Wire 5 .............................................................................................................................................. 38
Figure 33. Wire 6 .............................................................................................................................................. 38

-2-

List of Tables
Table 1. Specifications with risk and compliance.. .......................................................................................... 7
Table 2: Decision matrix for the crimping mechanism .................................................................................. 12
Table 3: Decision matrix for the force transmission ...................................................................................... 12
Table 4: Decision matrix for power source..................................................................................................... 13

-3-

Executive Summary
Previously we had completed the necessary steps of the design review process that are required to decide
on a final design. From the design reviews we generated a final design concept that was reviewed by a
number of our peers. The peer reviews brought forward any problematic areas that needed to be
addressed. From the peer reviews we tweaked the overall design, which led to our final design and
prototype, which we are basing this report on.
The project as mentioned has passed the design concept generation stage and the difficulties experienced
with plastic deformation modeling. From the FEA models we learned that it would be almost impossible
to accurately predict the force required to achieve the desired crimp depth and strength. Because of this
we decided that we should go ahead and build a prototype of our design and then test it as recommended
by the engineers whom we consulted with at Astro Tool Corp.
We have successfully built a working prototype and have tested it to determine whether or not it will be
successful in achieving the desired crimp strength. We have also determined a loading force that would be
required to achieve a completed crimp. The loading force of 270lbf was much higher than we had
anticipated (100lbf) however it is in the range of the forces we had previously calculated, 311lbf, that
seemed to be off in magnitude to the untrained eye.
Testing has also been performed on the sleeves we were able to crimp during our initial testing prior to
the deformation of the indenter dies. The results from this have shown feasibility of our design by
achieving desired crimp strength on a test specimen which the maximum loading force was applied to.
Because we had some unforeseen problems with vendors we were unable to accomplish one very
important part of our design which was the heat treating. Ultimately this led to the problems we
encountered during testing which halted further progress on our prototype.
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Introduction
This project is geared towards the redesign and implementation of a crimping tool for use in the
manufacturing of catheters produced by Medtronic Inc. Catheters require two steering cables to maneuver
the end of the catheter through the body. The steering cables have a sleeve that is crimped onto their end
in order to hold the cable in place inside the catheter steering handle. The current crimping tool, designed
by Astro Tool Corp, has a few problems associated with its design. Additionally we are trying to get rid
of a step in the manufacturing process that involves the adhesive, cyanoacrylate, being placed inside the
sleeve to be crimped. The cyanoacrylate is added to increase the strength of the crimp from three to four
pounds of force in shear to around eighteen pounds. However to simplify the manufacturing process we
will need to come up with a crimp style for our device that will increase the allowable axial force to
eighteen pounds with a metal to metal crimp alone and eliminate the need for an adhesive. The redesigned
crimping tool will need high tolerance fit for each crimp as well as a repeatability of crimps for each
cycle.
The current tool also has issues of longevity and alignment of the crimp sleeve with the dies. Medtronic
has to add their own guide and stops to insure the dies contact the sleeve in the correct location and
doesn’t bind the machine, along with keeping the sleeve centered. The redesigned tool will incorporate a
similar system to fix the problems. Additionally at the current catheter production rate, the tools require
too much maintenance and must be replaced sooner than desired. The new crimping machine will solve
the longevity issue along with the other problems.
Background
Currently the crimping tool market has many makes and models to choose from with a varying range of
uses. From our research we have seen multiple approaches to crimping machines. These crimping
machines ranged from hand operated to electric and pneumatic powered with complex control systems.
The most interesting design comes from a company called Blockwise Engineering2. Their machine crimps
from all sides from a specially designed head specifically designed to compress medicals stents and other
catheter related products. The hexagonal shape of their crimping tools have a great advantage in that it is
easily adjustable to accommodate different crimp sizes since they do not use dies that have to be changed.
Comparing their products with other products available Blockwise seems to represent the upper end of the
market, as most of their products are around $3000. A more traditional pneumatic crimping device is
manufactured by Pacific Interconnections group4. Their product uses two dies, one fixed and the other
movable, which crimps from two sides. The top die is actuated by a single lever arm attached to an air
cylinder and return spring. This method is most similar to the current product in use as it deforms the
metal in points and on two sides only. The current crimping device, manufactured by Astro Tool Corp.1,
incorporates a ratcheting system and time delay to insure a full crimp. During operation the crimped
sleeve must be crimped once and rotated for a second crimp. We would like to eliminate this in our new
design. All machines mentioned can be viewed in the Appendix A.
The crimping of stainless steel requires greater loads than those used for steel or aluminum electrical
connections that crimping tools of this size are typically designed for. Since long-term repeatability is
key, the use of materials like high-carbon, high-chromium die steel is recommended due to their high
wear resistance3.
Crimping for this application is defined as joining a wire to a sleeve by compression and displacement of
metal. A good crimp involves deforming the metal uniformly causing symmetrical distortion of the wire
and the sleeve. This ideal crimp slightly reduces the cross sectional area but eliminates all voids resulting
in consistent contact between the wire and sleeve. Mechanical strength is produced in a similar fashion to
a cold weld. The electrical connector industry is the major user of crimp devices and has developed many
different crimp configurations. The configurations range from single, double, and triple indent crimps to
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hexagonal, fold over and four indent crimps. The four-indent crimp is the style used in the current crimper
and is the military standard for crimping devices. According to Astro Tool Corp., the four-indent crimp
(Fig.1) provides the most uniform displacement of the wire and sleeve material1.

1

Figure 1 . Four indent crimp cross-section .

Along the axial direction of the sleeve or wire, two common shapes are used. A flat surface is a simple
design used in low strength applications. A common design used in applications where crimp strength is
more important is called the double indent or “octadent” (Fig 2.) configuration.

Figure 2. Double indent cross-section1.

The strength of a crimped joint is highly dependent on the depth of the crimp. The optimum crimp depth
for a given indenter shape is related to the sleeve and wire material properties and dimensions. While
FEA models can help predict the most favorable depth for different die shapes, tensile testing the crimped
joint through a range of depths will produce the most accurate results. Too loose of a crimp will result in
wire pullout while too tight of a crimp will cause stress concentrations in the wire resulting in the wire
breaking. Since controlling crimp depth is key, a precision device will be needed to insure the crimp falls
within tolerances. Once the proper crimp depth is identified the crimping force can be found. The force
required is dependent on the sleeve hardness, depth required, and die configuration. Leverage can be built
into the machine to significantly reduce the required force the actuating mechanism needs to supply.
Axial deformation of the sleeve will occur due to the material displacement that takes place during a
crimping process. The axial deformation of the crimp is not easily predicted and depends on many factors
including, material properties, dimensions, crimp depth, and die shape.
Objective
Our goal is to make a crimping tool that will plastically deform a sleeve of annealed and seamless 304
stainless steel onto a 304 stainless steel wire that is .009 or .010 inches in diameter. The crimp is required
to withstand an axial load of 16 or 18 pounds respectively. After deforming the crimp it must rest in a
pocket and not cause damage to the wire. The crimping tool will perform a semi-automatic operation and
will include a mechanism to insure a full crimp. Made by Astro Tool Corp., the current crimper does not
have the precision and repeatability required by Medtronic.
Engineering Specifications
• Pneumatic Power with a shop pressure of 90-100 psi.
• Required Axial loading of the.010” wire is 10lbf, prefer 18lbf (current specs.)
• Required Axial loading of the.009” wire is 9lbf, prefer 16lbf (current specs.)
• Timer relay, pneumatic valve and foot switch that triggers countdown
• Needs to insure full crimp has been completed.
• Crimp is made from annealed and seamless 304-stainless steel.
• Crimp Specs: ID: .012 + .001 O.D. of .028 + .0005 Length: 5mm
• Deformed crimp needs to fit into the pocket of the adjusters which measures .035” in
diameter
-6-

•
•
•
•
•
•

Would prefer that the fit of the crimp over the wire be tight enough that they can get away
from the cyanoacrylate adhesive.
Safety: 5 second crimp delay and protective shroud
Ergonomics: Will be comfortable for user. Use a foot control switch. Simple operation
procedure and controls. Easily portable and will include bench mount.
Production: Mostly off the shelf parts with the exception of crimping dies, frame, and
ratcheting mechanism. Held together with mechanical fasteners
Will meet medical device codes
Maintenance: Easily removable dies and panels for access

Table 1: Specifications with risk and compliance. L, M, H corresponds to low, medium and high risk, respectively.
A, T, I, S corresponds to analysis, testing, inspection, and similarity to existing designs, respectively.
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Design Development
The first step was to gather the customer requirements and understand the scope of the project.
Background information needs to be gathered by researching current and competing designs to better
understand the problem. Engineering specifications were then determined from the customer requirements
to give the project definitive goals and objectives. The requirements are measurable in order to give
immediate feedback if specifications are being met during the concept and testing phases.
The project scope has been well defined as the requirements for the crimping tool and stainless steel
crimp sleeves are very specific in order to fit in the steering device. This will allow us to quickly move

-7-

from the design specifications to developing concepts for our machine’s design. Overall design concepts
will be developed and narrowed down to a top few by using design techniques such as a decision matrix.
The crimping tool has been broken down in to sub-systems that will each have different concepts and
analysis done. These systems include: how it crimps, the control system to operate it, how the power is
transferred to the crimping surface, and the overall packaging. The most time designing will be spent on
how the machine will actually perform the crimp. Using simple hand calculation we have determined that
we would be able to produce the amount of friction force needed to hold the crimp sleeve onto the wire
with the axial loading specified in the engineering specifications. In order to get a more accurate model
we are currently producing a FEA model of a crimp sleeve and a die set which will allow us to better
understand the forces required to plastically deform the sleeve. Early conceptual prototypes will be
developed using our collected data, starting from the crimp head.
Once the FEA model is completed, this will be a valuable tool to “test” different die designs and shapes.
Presently there is no easy way to get good results for plastic deformation. This model will also allow us to
get an idea about the force required to execute the crimp and find the optimum depth for maximum
strength. Once the force is found the rest of the system can be designed and parts specified. Even though
the FEA model is a good way to start the analysis, it will not replace testing. Testing will be done to
different crimp designs in order to validate the results of the model. Concepts will be evaluated using a
combination of results from the FEA model, real world testing, and methods such as decision matrices.
For the FEA Analysis both a 2D and 3D model were developed. Since the 2D model has fewer nodes it is
much easier to run. The FEA model takes the two symmetrical axis of the crimp into account to help
minimize the size of the model. The displacement, rather than force, of the dies were controlled since it
was determined that crimp depth was the key to repeatability.

Figure 3. 2D crimp model with a .004" crimp depth

Figure 3 shows the stress in the crimp and wire when subjected to a 0.004” displacement. The figure on
the left shows the stress when the crimps are fully depressed and the figure on the right shows the residual
stress after the crimps have been released. The crimps were modeled as flat plates since the area that they
pressing on is relatively small and as the dies wear in they will eventually become flat when compared to
the crimp sleeve.
A 3D FEA model was then developed to see if the effects of different die sizes and the effect of the end
discontinuities would have on the overall model. The 3D model was much larger than the 2D model and
took considerably more time to accurately analysis.
-8-

Figure 4. FEA quarter model showing contour plot of stresses when the die is moved .001”
Our initial design goal was to come up with concepts for the crimping dies or how the crimp will be
performed. The most common method of crimping with fixed or movable metal dies was explored.
Concepts of this nature include single, double, and triple movable dies as well as 4 dies with a sleeve to
hold the crimp piece in place. A two die concept was developed with deforming features built into the two
half’s (Figure 5). More radical concepts include a rolling type device that revolves around the crimp
sleeve progressively deforming the material in addition to an air bladder that uses pressurized air to
expand and evenly crimp the surface. Because axial strength is an important parameter for the resulting
crimp we thought crimping the sleeve uniformly would result in the best holding power while reducing
stress concentrations in the wire. As a result, a hexagonal shape die concept seemed promising. However
it became apparent that displacement of the sleeve material would be a problem, as all of it would occur
axially as there is no void in the “hexagonal” die. Consequently, from our background research and
concepts the quad die design is currently the top choice as it provides the most uniform displacement of
wire and contact material with little reduction in wire area and a minimum required force but we will
explore all options as testing progresses.

Figure 5. Very basic two die concept with built in features for the deformation of the sleeves
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The hardest part of our design is trying to actuate the crimping heads of the machine. Because the sleeve
needs to be crimped from all four sides we have to find a way to deliver consistent movement to the dies
from our power source. In order to achieve this, our current top concept is the use of a circular cam
design, which can be viewed in Figure 6. This cam design will allow for rotary motion to be converted to
linear motion the dies require. Additionally, the cam controls the depth to a very high degree of accuracy
and actuates all four dies precisely together.

Figure 6. Quad die with cam concept which is similar to our final design.

Other actuation concepts include a drill chuck design, multiple gear trains or multiple actuators as can be
seen in Figure 7. The drill chuck would allow us to evenly apply pressure from all sides and can be driven
by one power source. The multiple gear trains involves using one motor to power a gear set that is
connected to all four crimp heads as can be seen in the appendices. The overall idea is a bit farfetched but
could be fine tuned into something feasible. The last concept for actuation is to use four different
actuators; this however brings up the issue of controlling them accurately and all at once. We will most
likely use the initial idea of cam actuation because of its simplicity as well as function however it will be
more costly up front due to very high tooling costs.

Figure 7. Gear train concept

The current specifications call for use of a pneumatic power device that needs to be incorporated into the
design. Linear actuators are readily available but pose the problem of converting the linear motion into
rotary motion the cam needs. Two simple concepts are to use a piston and crank system like in a car
crankshaft or a rack and pinion system. Variations of the piston and crank system could involve pivoting
-10-

the air cylinder or the actuating arm. Accuracy of the concept will drive which one is chosen as that is the
most important specification for this part. More background research and testing will need to be done to
evaluate which is most accurate.

Figure 8. Linear actuator with pivoting cylinder

Another option is to use a pneumatic rotary actuator. This has certain advantages in that it eliminates a
component of the system needed to convert linear into rotary motion. The rotary actuator could be
attached to the same shaft that the cam is on. A disadvantage to the rotary device is it produces little
torque; however this might not be an issue depending on the crimping force needed. If the crimping force
is found to be great, a gear reduction can be used to achieve the required torque. Unlike the linear actuator
where the accuracy is built into the motion conversion components, the rotary actuator part itself need to
be accurate. This is heavily dependent on the control system and a new system would need to be
developed. The pneumatic linear actuator would allow the reuse of the current control system with some
modifications.
Whether a linear or rotary actuator is used, controlling the crimping depth is critical to the strength of the
joint. One method is to use two different cams for the two wire diameters. The cams would need to be
machined specifically for each case and wouldn’t be applicable for other crimps. This would result in a
simple operating system, as it would be cycle controlled. Each crimp would correspond to ninety degrees
of rotation of the cam. Another option would be to have a fully adjustable crimp depth with a universal
cam. The operating system for this type of device would be more complicated as the cam would have to
move different distances for different crimp depths. A crimp depth could be selected and by the use of
linear sensors or adjustable hard stops, determine when that depth is achieved.
To ensure a full crimp is completed every cycle a ratcheting mechanism or similar system will be
incorporated. This system could be attached to the common shaft the cam is mounted on. Depending on
the type of cam used and power mechanism, a release mechanism may or may not need to be used. This
will be decided on when other components are finalized. If a rotary actuator is used the ratcheting
mechanism could be built into the device as a pneumatic stepper motor. Stepping rotary actuators are
available and one would need to be specified for our application.
Concept Selection
Once the concepts were finalized, different components of the machine were analyzed to select which
concept would best meet the engineering specifications. The first and most critical part that must be
selected was how the crimping process occurs. The concepts and selection along with the decision
categories can be seen below in Table 2.
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Table 2: Decision matrix for the crimping mechanism
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After comparing each concept with the background information we had acquired, we developed a
decision matrix to help in the selection. Six critical categories (load, material displacement, contact area,
simplicity, assembly, and alignment) were found and ranked based on their importance. Contact area and
alignment are the most important, thus ranked the highest, as they mostly determine the resulting pull
force. The other categories were ranked accordingly. Load is somewhat important as that determines the
required force needed to crimp, which directly affects cost and size. Simplicity and ease of assembly are
also included because a simpler machine is less likely to fail and easier to take apart and maintain.
The four-die concept with a cam type actuation system was chosen as the best solution. This system is
currently in use in many crimping devices so it is proven to work. It was chosen because it maximizes the
contact area with keeping the load low and the design simple. Due to the precision required for
controlling all four dies simultaneously the cam design was selected. It allows all four dies to move
precisely together with a single part. Other more complicated systems would not be able to achieve the
accuracy we required. The hexagonal system was also considered but discarded due to the tremendous
forces required to crush the sleeve and the complexity of the system. The chosen system reduces the part
count and should be more reliable than the current machine. Changing the profile of the cam can also
determine how precise the depth control is and should be accurate to the ten thousandth.
After determining the crimping mechanism, the job of how the cam would be rotated was chosen. Like
before, all of the top concepts were inputted into a decision matrix to help make the decision. The top
concepts include: a rack and pinion, piston crank assembly that includes a pivoting cylinder, cable and
pulley, and a rotary actuator that would attach directly to the cam. 4 decision criteria were chosen and
weighted based on importance. Accuracy in this system is by far the most important aspect because, as
mentioned before, controlling crimp depth is very critical. Any slop in this component would lead to
inconsistent depths and resulting pull forces.
Table 3: Decision matrix for the force transmission
&&

B$$4*)$\&

!/+"6/$/,\&

B6/K1+#1,&

801,*06&

&&

50,)6&

2)$7&)1O&(/1/01&
(/.,01C&8*)17&
8)N6#C&(466#\&

9&
I&
I&

I&
I&
9&

I&
D&
I&

I&
I&
D&

&&
&&
&&

DY&
IP&
I<&

20,)*\&B$,4),0*&

D&

I&

I&

9&

&&

DY&

J#/KL,&

U&

I&

9&

I&

&&

&&

-12-

The concept we determined was best is a pivoting cylinder. This is similar to the piston crank design but
instead of having a fixed cylinder and a connecting rod, the cylinder is mounted directly to the cam arm
but is allowed to rotate at the base eliminating the connecting rod. A pivoting cylinder was chosen due to
its simplicity and resulting accuracy. The cable and pulley system would have the same accuracy but
would be more complicated because a return mechanism or spring would be needed to move the cam arm
back after a crimp was completed. The rack and pinion system was discarded due to a fear of backlash in
the gears ruining the accuracy. Briefly considered was a rotary actuator mounted directly to the cam. This
would be the most ideal system because it would make it very simple and reduce a lot of components. It
was dropped because the cost associated with a rotary actuator and control system that could meet our
accuracy specifications would be very expensive.
The last major design part to be selected was the method of powering the machine. As before, a decision
matrix was constructed with the top concepts and criteria seen in table 4. Control and accuracy are the
most important, for reasons mentioned before. A linear actuator was found to be the best solution as it
simplifies the machine while being the most accurate. The actuator is accurate to within 0.00004 inches
and is controlled by an external programmer. It is a simpler design as it would bolt right into the machine
and all control is external. The big downside is that it is much more expensive; $1500 for the most
powerful actuator. An air cylinder, like used on the current crimper, is an alternative that is almost as
accurate but requires more parts and wears out more quickly. Originally the design for the air cylinder
was to mount the base on a sliding track that would be adjusted to control crimp depth. This concept was
eventually thrown out because the cylinder would cycle through a full stroke every crimp resulting in
premature wear on the cylinder and destroying accuracy. The alternative design was to have a hard stop
adjustable by a micrometer to control crimp depth.
Which type of force applicator, linear actuator or air cylinder, could not be selected at this point and
depends on the cost. The linear actuator is the best solution but costs significantly more for the high force
model. The air cylinder requires more part and machining time and has a lower life span. Pricing of the
linear actuator is highly dependent on the size required and cutting the pushing force in half almost cuts
the price in half. As a result the crimping force required will determine which is best. It could be more
economical to buy a more expensive linear actuator from the start than replace air cylinders over the life
of the machine. This part will be determined after the crimping mechanism is constructed.
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Table 4: Decision matrix for power source
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Preliminary Analysis
In order to validate our concepts some initial analysis was done. The analysis is broken down into three
parts, an FEA model testing and simple calculations. An FEA model was created to try an understand the
interactions between the crimp sleeve and wire to validate different concepts and find the force required
to complete the crimp along with the resulting pull force. In order to size all of the machine components
the forces in the machine needed to be found. Unfortunately the crimping forces were unknown so some
testing was done on the sleeve and wire and the results were used to analyze the rest of the components.
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Using the FEA 2D model determined that the crimp sleeve makes contact with the wire when the sleeves
are displaced ~0.003” and the maximum displacement that the model could accurately achieve was a
displacement of 0.005”. This model shows just how critical die crimp depth was going to be in the design
of the crimping tool. The contact pressure at each node between the crimp sleeve and wire were recorded
using the 2D FEA model.

Figure 9. Contact Pressure vs. Radians for the top of the crimp sleeve

Figure 9 shows the contact pressure of the top of the intersection between the crimp sleeve and wire, these
values were nearly identical to the values measured for the side intersection, refer to Figure 3 for an
illustration of the 2D model. The values on the right side of Figure 9 were mirrored to left side to
determine the intersections average pressure, Pavg=4535.68psi. The area between the top and side
intersections had no contact between the die and crimp sleeve. Using this data and F = µPavgdA, where
µ=0.15, A=!dwirelcrimp, and F is the amount of force being applied axially to the wire, it was determined
that F=4.27lbf refer to Appendix C for data and hand calculations. Calculating for Pavg using the data
that was collected it was determined that Pavg=19109psi in order to hold the crimp onto the sleeve to hold
an 18lb axial load applied to the wire. From our 2D analysis it was determined that the crimp sleeve
simply would not be able to hold onto the wire without the use of adhesive. Further investigation was
done to see if the length of the crimp, and therefore the area, A, could be increased but it was determined
to not be a feasible option.
A 3D FEA model was built but never refined to produce results due to extensive labor and computer
power required to model the system in 3D. Furthermore, after the analysis of the 2D model it was
determined that the results would most likely not be helpful for the continuation of this project.
A simple test was conducted, in order to get some idea of the crimping forces required, by crushing the
sleeve and wire between two flat plates. An Instron testing machine was used to compress two fabricated
steel fixtures together with the crimp in between. Once the fixtures were touching the sleeve the
displacement was decreased by one thousandth of an inch and the load was recorded. This was repeated
until the load reached around 400 lbs. The results of the test, for both wire sizes, can be seen below in
Figures 10 and 11.
From figures 10 and 11, it can be seen that before the sleeve contacts the wire, the sleeve follows a typical
stress-strain curve. After the wire is contacted the load increases in a linear fashion. While no formal pull
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test was done, after each test the sleeve was still able to slide on the wire while using our hands.
Unfortunately the test was inconclusive and had some problems. During the tests the steel fixtures were
indented slightly by the sleeve, affecting our results. Additionally, crushing the sleeve in between two flat
surfaces doesn’t accurately reflect the pointed dies used in the four die concept. Developing an accurate
test that reflects the crimping motion would have taken much more time and we concluded would be
better spent on finishing the design and testing the prototype. In order to analyze the rest of the machine
we estimated the force on each die to be 100 lbs based on their pointed shape and the size of the current
machine's air cylinder.
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Figure 10. Load vs. depth for 9 thousandth wire

Figure 11. Load vs. depth for 10 thousandth wire

After both FEA analysis and crush test it was clear there is no accurate was to predict the behavior of the
crimp process and the forces required for them. In order to get more insight on how analysis is performed
on a crimping machining and how it is designed we contacted an engineer at Astro Tool Corp. The
engineer confirmed our results that it is very difficult to predict the behavior of a crimp and suggested we
build it first and then perform test with the actual prototype. This will give us the only definite results on
the forces involved in crimping. As a result the focus is on designing the crimping device with estimated
forces, testing the prototype and making changes as necessary.
-16-

Design Description
The final design for the crimping mechanism has been finalized with a few changes from the initial
concepts. An exploded view of the completed assembly can be seen in Figure 12.

Figure 12. Isometric Exploded View of the Cam and Die Head Assembly.

List of Items in Figure 12:
Item 1: Cam and Die Holder
Item 2: Indenter Die Assembly with bearing and pin installed.
Item 3: Cam Ring
Item 4: Die and Cam Cover
Item 12: Bearing Pin
Item 13: Ball Bearing
Item 14: Socket Head Cap Screw
Item 15: Wire Alignment Tool
A detailed bill of materials, which includes part numbers and specifications, is attached in the appendices
with the exploded assembly drawing.
As can be seen in the exploded view of our assembly the final design of the die and cam is relatively
simple and is easily assembled which was a key factor in our design. Each component is easily accessible
which allows for easy serviceability and maintenance.
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The design is based on a simple need, as mentioned previously, which is to actuate all four dies at once
and make them travel exactly the same distance in one smooth motion. To achieve this the cam and
follower motion was chosen because the cam profile could be created for each of the four dies within one
ring, which is called the cam ring (Item 3, Figure 12). The cam ring is one of the most critical components
of our design because it controls the travel of the indenters during the crimping process. Cam and
follower motion is defined by the ramp angle of the cam, which we have created by offsetting a constant
radius circle at four locations in the cam ring. This offsetting of the circles can be seen in the detailed
drawing of the cam ring. The shallow angle of the cam causes the dies to move a small distance for a
given angle resulting in fine control of crimp depth.
When the cam ring is mounted on the cam and die holder it rotates about the center of the holder and
because of the offset circle the follower must travel inward towards the center, which in turn creates our
crimping process. The offset gives us a desirable amount of travel per degree of rotation and is easily
measurable. Each indenter die (Item 2, Figure 12) travels approximately .02” from fully open to closed,
which results in an overall travel of .04”. Also the cam ring was designed to end its travel perpendicular
to the actuation force so we are getting the full force and not a cosine component of it.
The indenter die design consists of a solid machined piece of stainless steel with a ball bearing fixed on
one end that follows along the surface of the cam ring. A ball bearing was put onto the end of the indenter
die because the current tool's accuracy wore out over time due to the friction occurring at the die and cam,
which we are trying to eliminate. Our initial design did not incorporate any feature such as this bearing
placement so a few modifications were necessary to the cam and die holder (Item 1, Figure 12). In order
to allow bearing clearance for the travel of the dies pockets were created at the outer ends of the cam and
die holder. This can be seen below in figure 13.

Figure 13. Close up of the cam and die holder pockets for both the spring and bearing.

Once a crimp cycle has been completed the cam will return to its fully open position however without any
assistance the indenter dies will not return, that is why we have included a spring return setup in the
design. The spring pocket as shown above in figure 13 is recessed and allows a spring to be placed,
inside, flush with the indenter dies. The indenter dies will be assembled with the spring slightly
compressed inside the pocket due to the smallest length of an acceptable spring we could find. The
springs also provide positive contact between the cam and bearing surfaces, which allow for smooth
operation of the crimp cycle with no backlash.
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Material Selection
Our initial approach in the design was to have the hardest material be the indenter dies however after a
design review it was decided that it would be better to have the cam and die holder and cam ring be the
harder material. Because the dies were the easiest to access and change we decided that they should be the
component that will wear out first instead of the cam ring and cam and die holder.
D-2 tool steel was selected for its very high Rockwell hardness (60-61c) after heat treating and is known
for its durability. For the dies we decided to go with a strong stainless steel such as 440C, which has a
lower Rockwell hardness (98b) and can hold an edge very well, as it is used in cutlery. The indenter dies
need to be nitrided to obtain a harder surface to have the desirable life we are trying to achieve.
Analysis
Even though analyzing the crimp process is very difficult and almost impossible some analysis needed to
be done to validate our machine. Using a lot of conservative estimates the dies, cam and cylinder were
analyzed. Assuming a vertical force on the dies of 100 lbs the resulting force needed by the cylinder is
around 75 lbs. This will be confirmed after the prototype of the cam mechanism is built. For a maximum
cam angle of 60 degrees the cylinder would require a 3” stroke. Additionally, using a simple beam
deflection method the cam arm would deflect 0.0015” with a 100 lb load. This should not be significant
as the cam arm will never be fixed like in the simple beam assumption. The details of all calculations can
be found in Appendix C.
Cost Analysis
The cost breakdown can be seen in appendix E, in the form of a table with part numbers and descriptions
of the various parts. Also included are machining times and costs for machining.
Manufacturing Plan
Four major pieces were fabricated in order to complete the crimping assembly: the cam and die holder,
cam, dies and cover plate. All of the other components including bearings, screws, pins, and springs were
ordered from outside vendors. The majority of the machining time was spent on the holder and dies as
they have the most complicated features. All of the necessary raw materials should have arrived by the
beginning of spring quarter and the machining work completed that week. However there were a few
vendor problems which delayed delivery of the tool steel by 3 weeks putting our whole process behind.
The assembly was not constructed by the end of the first week as we had originally planned because of
the unexpected delays. A simple test rig to hold the assembly, made of steel plate was built during the
waiting period for the shipment of metal stock. Also during this time tensile testing rigs were made for the
wires which will be discussed in later sections.
Product Realization
To begin manufacturing the prototype all of the finalized drawings were brought to a shop technician in
the Mustang 60 machine shop to analyze and determine the best approach for fabrication. After
consultation is was quickly determined that using a CNC mill would be the only way to manufacture the
parts with the required accuracy and in the least amount of time. Due to the skill required in operating a
CNC mill and the higher material hardness, no group members had the skill to operate the mill so the lab
technician did all of the machining while one group member was always present to oversee the process. A
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consequence of reducing the number of parts resulted in a majority of the parts having very complicated
features so a Mastercam program was used to convert the Solidworks drawings into machining G-code.
The first and most complicated part to be machined was the cam and die holder. The raised die guides and
pockets for the springs required a significant amount material to be removed. The hardness of the tool
steel resulted in very low feed rates and a small depth of cut so machining time was significant. No
problems occurred and the whole process when very smoothly. Tapping the four holes that hold the cover
on were the only operations done by hand. It took approximately eight hours of machining and setup time
to complete the part. The completed cam and die holder can be seen in figure 14.

Figure 14. Cam and Die Holder Assembly after machining.

The four indenter dies were next to be manufactured and as with tool steel, the 440C material required
low feed rates. Problems occurred with the first die being too tall in the holder so slight modifications had
to be made. This setback meant the first die took around 4 hours to completion. Once the problems were
fixed the three remaining dies took only an hour and a half. Due to the very tight tolerances required in
the drawings and the mill used only being accurate to the thousandth of an inch the dies initially did not
fit into the holder guides. A grinder was used to remove all burrs and a very small amount of material to
allow the dies to slide freely in the guides. It seemed like very small burs from machining were the
culprits causing the tight fit. The pin holding the ball bearing in place was placed through the die hole and
pressed through the bearing. Even though the drawings called for the pins and die hole to be the same size
(a slight press fit), the hole was slightly bigger allowing the pins to slide through. This wasn’t a
significant problem as the pin was secured to the bearing by a press fit holding the pin in place. In future
manufacturing the pin should be pressed into the dies to hold it in place. A finished die and a die with a
bearing attached can be seen in figure 15.
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Figure 15. Top: Indenter Die after machining. Bottom: Die with bearing inserted.

The next part machined was the cam ring. This part was relatively simple as there were no raised features,
just a flat profile. A few problems occurred during machining when a severe vibration started. A few
nicks and small chunks of metal were removed but luckily this issue happened on the outside profile
whose shape is unimportant and didn’t affect the performance of the part. The cam ring required around 3
hours for completion and can be seen in figure 16.

Figure 16. Cam Ring after machining.

The final part manufactured was the die and cam cover. Being made out of polycarbonate it was
originally cut out using the laser cutter, which caused the material to burn. It was determined the laser
cutter cannot cut polycarbonate so the part was machined using the CNC mill in about 20 minutes. It can
be seen in figure 17.
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Figure 17. Cam and Die cover.

In addition to the parts manufactured at the Mustang 60 machine shop, an alignment guide was made by
Medtronic and shipped to us. The guide consists of two holes to mount it to the cam and die holder along
with a groove and magnet on top to hold the wire in place. The part an be seen in figure 18.

Figure 18. Alignment Tool manufactured by Medtronic

After the first round of testing (section below) the outer races of the ball bearings were cracking. With no
quick solution, a decision was made to make sleeve bearings out of the remaining 440C stainless steel.
These were made on a CNC mill, which turned out to be a poor choice. Two end mills broke in the
process and it was very difficult to achieve a perfect circle with no nicks or burrs on the material. This
resulted in sections of the bearing surface not wanting to roll and ended up sliding along the cam.
Assembling the tool is a very simple process that requires little time. Once the bearings are pressed into
the dies, the dies are inserted into the tool with the springs in the pockets. The only trouble is trying to get
the springs and dies in simultaneously but with practice it becomes easier. Once the dies are seated
properly in the guides they are forced together and the cam is placed around the holder. The cover and
guide are then simply secured with the four socket head cap screws and the assembly is complete. The
completed assembly rotates very smoothly with little friction or catching. The springs holding the dies
against the cam have just the right spring rate so the dies stay pressed again the cam surface but don’t
increase the force needed to rotate the cam arm. All four dies come together when compressed fully
nearly perfectly. The air gaps between them are less than one thousandth of an inch. This insures proper
alignment for the crimp sleeve and that each die travels the same distance and applies the same force,
which is critical to ensure a high pull force. The assembled tool can be seen in figures 19 and 20 with and
without the alignment guide.
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Figure 19. Crimping Machine Assembly without Alignment Tool

Figure 20. Crimping Machine with Alignment Tool
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The manufactured prototype was very close to the planned design with a few changes. The biggest change
was the switch to sleeve bearings for the die rollers. It was determined that no roller bearings exist that
could sustain the static load that would fit our designs size. Purchasing sleeve bearings from a
manufacturer would be a much better design than attempting to make them in house. The other difference
from our prototype that could change from the planned design is the addition of easier access to the spring
pockets.
The overall time to machine everything, including set-up time, was around 18 hours. This is a significant
amount of time and cost, however a few factors could affect that time. Being a prototype, the setup time
will be much longer than if the parts are produced in quantity. Additionally, the technicians at the
machine shop had no experience machining tool stool. There is a trade off for the hardness of the material
versus machining time but the materials specified should last longer than the current product.
Additionally there are much fewer parts with this design (than the current tool) resulting in much more
intricate parts and longer machining time. For a production run, the total machining time should come
down significantly as setup times will drop with proper fixtures and as the technicians become familiar
with the process. Overall the design has more upfront machining time and costs but should be more cost
effective over the life of the tool.
Design Verification
After the prototype cam and die assembly was completely built the testing phase occurred to validate the
design of the machine. The first step was to insure the machine works without crimping anything. It was
cycled through its entire range of motion at multiple speeds to check for binding and smoothness as well
as making sure the springs and bearings were working correctly. Once the crimping machine had been
shown to work correctly the cam and die assembly was mounted into a tensile testing rig for final testing.
Both wire sizes were cycled through a range of depths with step sizes of 0.0005 inches to find the
optimum crimp depth for maximum pull force. For this testing the Instron Servo-Hydraulic Test Machine
was used. To use this machine we had to use the cam and die assembly in the reverse the direction of the
final design, the cam was being pulled on, instead of pushed. The cam and die assembly was mounted to a
steel bracket for testing. The bracket was loaded into the bottom clamp of the Instron testing machine and
a steel rod with clevis ends was attached to the cam ring and the top of the Instron testing machine. The
Instron testing machine was then set to slowly move the bottom clamp down and close the dies. For the
first run the machine was moved through it entire motion to verify no binding was occurring and that the
load cell measurements were not wandering.
During the initial testing phases we encountered a few problems with the initial design. The biggest
perhaps would be the roller bearings failing under the higher than expected loading conditions. Our initial
bearing calculations relied on an estimate that we were making which was that the dies were only seeing
100 lbf which in reality was 2.5 times too low of an estimate. Because we were under a time constraint
our solution to this was to use solid steel sleeve bearings which as mentioned previously we manufactured
ourselves for the time being.
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Figure 21: Instron Servo-Hydraulic Test Machine

Figure 22. Crimping Machine with Rod and Clevis used in testing

In order to determine the pull force for each crimp a test rig was made that would hold the sleeve in place
while the wire was pulled until it separates from the sleeve. The test rig was made from a piece of
aluminum that was bent into a right angle. A hole .012” was drilled into the aluminum so that the wire
could be feed through it. The piece of aluminum was inserted into the bottom clamp of the Instron testing
machine and the wire was inserted into the top clamp. The machine then slowly separates the two clamps
and the force and displacement were recorded using data logger on the computer.
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Figure 23. Aluminum used for tensile testing with wire inserted for visual.

It was estimated that the cam would need a force of 300lbf in order to completely crimp the sleeve onto
the wire. This amount of force seemed higher than anticipated so it was decided that for the initial testing
would concentrate on the amount of force required to crimp the sleeve and to validate the estimate of the
required force. Four runs were performed during this test at four different forces ranging from 230 –
290lbf. This loading was not performed at the right angle we had designed the cam to stop at however it
was at a 20 degree angle to the cam. Because of this we needed to multiply by cosine of twenty degrees in
order to get a more accurate rating the forces. The more accurate range is 216-272 lbf. Figure 24 shows
the displacement vs force required to crimp the sleeve onto the wire. The overall shape of the curve in
Figure 24 seems reasonable and is very simular to the curve in Figure 11 which was done during the
preliminary analysis. This graph shows the initial elastic deformation of the sleeve in the beginning of the
displacement and then plastic deformation of the sleeve as the curve starts to become linear. While the
sleeve was plasticly deforming it came in contact with the wire leading to the increase slope at the end of
the curve.
The appearance of the crimps had a uniform deformation and good alignment. The length of the dies
matched the crimp sleeves perfectly where it crimped the whole sleeve except for a couple thousandths of
an inch at each end. The next step of testing was determining the pull force that the crimps could sustain.
A total of six runs were performed, however after around the fourth crimp we noticed the pull forces drop
off dramatically. After inspection it was viewed that the end of the dies had deformed and flattened out.
They failed to properly compress the sleeve into the wire and make the sleeve a square shape. The first
few crimps had some promising results. Figure 25 shows the pull test for a crimp that reached the
engineering specifications of a 18lbf axial pull. The two before it did not quite reach 18 lbf but that could
be a result of misalignment or varying crimp depths. Figure 26 shows the results of all six of the crimps
that we tested. The first three crimp follow a linear pattern while the last three vary due to the sleeve
slipping on the wire.
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While the tests did not provide in any definite results it did verify that it is possible for the machine to
perform a crimp that holds 18lbf without the aid of any other process such as super glue. During that
particular test the optimum crimp depth could have been found or it could be in a different location
resulting in an even higher pull force. Unfortunately, further testing could not be performed to due a lack
of time to remanufacture the dies and get them heat treated. With only one positive test it is difficult to
verify the design but it proved it is feasible. With heat treated dies and an optimum crimp depth found it
could very well produce crimps that holds 18lbf.

Figure 24: Force vs. displacment of a single crimping test
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Figure 25: Force vs displacment of the only crimp to meet the engineering specifications

Figure 26: Force vs displacment of all six tests.

Conclusion and Recommendations
The testing performed concluded that the design was feasible; unfortunately there were many
setbacks that did not allow for the manufacturing of the entire prototype. There were a couple of
issues that needed to be addressed before building the final prototype. First, the dies were damaged
during testing, most likely due to them not being hardened after they were machined. A hardening
process such as heat treatment or chemical hardening like nitriding should be performed once the dies
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have been manufactured to ensure that they will be durable. Titanium nitride hardening seems the best
for the particular application with 440C as it is used widely on stainless steels and also reduces the
coefficient of friction. Additionally we feel that the dies could be redesigned so that there is a small
amount of relief between the edges of the dies. During testing we noticed that when they contact and
crimp the wire there was no void for the sleeve to deform to. This could be reducing the contact area
that the sleeve makes with the wire, which in turn would reduce our pull force.
The issue with the ball bearings that we had selected for the end of the dies was rectified by the use of
steel sleeve bearings, which we manufactured. The specifications for the original roller bearings,
provided by the supplier were incorrect and lead to failure during the first test. The new sleeve
bearings we would recommend would need to withstand a contact stress of at least 1900 ksi and be
manufactured from tool steel that has been heat treated to be the same hardness as the cam and die
holder. Manufacturers such as American Sleeve Bearing would be the best choice as they can make
custom applications such as the ones we would need.
If the required pull force is not met or the machine is not as consistent as required, an additional
process such as folding the wire at the end of the sleeve should be implemented. Other considerations
could be changing the shape of the indenter dies as well as exploring other methods of deforming the
sleeve to the wire such as spot welding or soldering.
Testing brought to light some deficiencies in our design that were not initially apparent. The two major
problems, the bearings and die hardness, were solved with simple solutions that do not alter the design in
any major way. Testing showed that it is possible for the machine to perform a crimp that holds 18 lbf
with no extra processes. With only one positive test it is difficult to verify the design but it proved it is
feasible. The crimping machine design reduces the parts count significantly from the current product with
materials selected for a long and accurate life. With the addition of a highly accurate linear actuator and
the recommendations above, the design should provide results that surpass the current tool while being
more reliable and repeatable.
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Appendix A: Gantt chart projected schedule (attached)
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Appendix B: Background information and current products
Figure 27. Current crimper in use made by Astro Tool Corp.

Figure 28. Pacific Interconnections Group crimper
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Pneumatic Crimper
• Use pneumatic power
• Large output force
• Easy replacement of dies
• Step-on switch for applying force
• Air pressure adjustable
• Small
consumption
of
compressed air

Our pneumatic crimpers are mainly developed for
connector crimping to secure connectors with cables.
The pneumatic crimpers produces stable and
adjustable output forces.

Pneumatic Crimpers
Specifications

Efficiency
Air Pressure
Max. Output Force
Air Consumption for each crimping
Motion Length

120 crimping / min
0.65 - 0.7 Mpa
378 - 528 kg
0.25 L
16 mm
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Figure 29. Blockwise background information (attached)
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Appendix C: Analysis Calculations
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Appendix D: Attached Part Drawings
1. Cam and Die Head Assembly with Bill of Materials
2. Cam and Die Holder
3. Cam Ring
4. Indenter Die
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Appendix E: Cost Analysis
Parts Needed
To Build
Final
Prototype
Part Number

Qty

CAM DIE
HOLDER

1

CAM

1

DIE

4

ZU 02ZU02

4

97395A421

4

J-3

4

92200A194

Part Description

Distributor

Material
Cost

Part
Cost

Machining
Cost

Total Cost
for Part

D-2 Tool Steel
3x.625x18
Cam Actuator, Tool
Steel Plate leftover
from Cam Holder
Indenter, T-440C
Stainless Plate
5/16x24"x1"
9524K732

Online
Metals

$217.03

$0.00

$110.00

$327.03

Online
Metals

$0.00

$0.00

$44.00

$44.00

McMaster
Carr

$88.31

$0.00

$55.00

$143.31

American
Sleeve
Bearings

$0.00

$14.55

$0.00

$58.20

McMaster
Carr

$0.00

$11.13

$0.00

$11.13

Century
Spring

$0.00

$5.32

$0.00

$21.28

Sleeve Bearing

1

Bearing Pin Holder
Pack of 50, 3/32
Diameter .25 Length
Compression Spring
with OD~.18" and
L~.38" and Hi Spring
Rate
Pack of 10, Qty
Needed-8, #8-32-.5"
Socket Cap Screw

McMaster
Carr

$3.82
$0.00

$3.82

$0.00
Total Cost
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$583.67

Test Data: Wire Crimping Tests

Figure 30. Wire 3 crimp force versus displacement

Figure 31. Wire 4
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Figure 32. Wire 5

Figure 33. Wire 6
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